In the present study the relationship between exposure to the nitric oxide synthesis inhibitor N -nitro-L-arginine methyl ester (L-NAME) and the induction of limb defects, with respect to stage specificity and dose dependency, was investigated in the mouse. ICR (CD-1) mice were dosed s.c with L-NAME at 50 or 90 mg/kg on gestation d 12, 13, 14, 15, or 16. A group of animals treated with vehicle on gestation d 14 served as control. Uterine contents were evaluated for teratogenesis on gestation d 18. A treatment-related disruption of limb development was noted. The effect was dose dependent and phase specific. L-NAME became teratogenically operational on gestation d 13 and elicited its maximum effect on gestation d 14, whereas no significant teratogenicity was observed when exposure occurred after gestation d 15. In utero exposure to L-NAME also reduced embryo viability relative to controls. When the higher dose was injected on gestation d 16, a significant number of dams delivered preterm. In a parallel study, the ability of hyperoxia to prevent limb teratogenesis was investigated. To this aim, a group of L-NAMEtreated animals (90 mg/kg s.c. on gestation d 14) were exposed to 98 to 100% O 2 for 12 h. L-NAME-treated mice breathing room air served as positive controls. In response to hyperoxia, a significant decrement of L-NAME-induced limb defects was found. This study characterizes for the first time the teratogenic capacity of L-NAME in the mouse. Results obtained with hyperoxia fit the hypothesis that hypoxic tissue damage may play a contributory role in L-NAME-induced limb defects. NO is a colorless gaseous molecule involved in the regulation of diverse important physiologic processes, including vascular tone, platelet reactivity, smooth muscle contractility, neurotransmission, and the cytotoxic action of immune cells (1). NO is generated endogenously during the conversion of L-arginine to citrulline by a family of enzymes known as NOS. At least three isoforms of NOS have been isolated, including the constitutive eNOS and neuronal NOS isoforms, and the inducible isoform, iNOS (1). Pharmacologic manipulation of NOS activity can be achieved by several classes of NOS inhibitors including L-arginine analogs, which act by denying NOS its substrate in a competitive manner (2).
NO is a colorless gaseous molecule involved in the regulation of diverse important physiologic processes, including vascular tone, platelet reactivity, smooth muscle contractility, neurotransmission, and the cytotoxic action of immune cells (1) . NO is generated endogenously during the conversion of L-arginine to citrulline by a family of enzymes known as NOS. At least three isoforms of NOS have been isolated, including the constitutive eNOS and neuronal NOS isoforms, and the inducible isoform, iNOS (1) . Pharmacologic manipulation of NOS activity can be achieved by several classes of NOS inhibitors including L-arginine analogs, which act by denying NOS its substrate in a competitive manner (2) .
The L-arginine analog L-NAME, a nonselective inhibitor of NOS, has been shown to be teratogenic when administered to rats (3) (4) (5) (6) (7) (8) . Limb reduction defects with associated characteristic areas of macroscopic hemorrhage were the most common phenotypic alterations noted (3) (4) (5) (6) (7) (8) . L-NAME is not the only L-arginine analog known to cause dysmelia, as N -nitro-Larginine also induced limb defects (9) . Notably, disruptions similar to those induced by L-arginine analogs have been noted in knockout mice lacking eNOS (10, 11) . The current state of knowledge on L-NAME teratogenicity also includes the following facts: 1) the period of fetal vulnerability has an onset relatively late in gestation (3) (4) (5) ; 2) both oral (3) (4) (5) (6) and parenteral (5) treatments are effective; 3) limb dysmorphology is associated with reduced fetal viability (5); 4) both the teratogenic and fetus lethal effects are dose dependent (5); 5) defects are preceded by hemorrhages that appear in the limbs within hours of treatment (7, 8) ; 6) fetal growth restriction and decrement in placental weight have been observed by some authors (3, 4, 6) , but not by others (5); 7) the compound is teratogenic when instilled in the amnion, suggesting that it exerts its activity within the vasculature of the limb or placenta (7); 8) limb defects were prevented by concurrent administration of L-arginine or the NO donors sodium nitroprusside and S-nitroso-acetyl-penicillamine (4) , suggesting that L-NAME initiates teratology via inhibition of NO synthesis; and 9) limb defects were reduced by coadministration of ␣-phenyl-N-tbutylnitrone, a radical spin trap antioxidant, and allopurinol, a xanthine oxidase inhibitor (7, 8) , suggesting a mechanistic role for radical oxygen species.
So far, teratogenic effects of L-arginine analogs have been investigated exclusively in the rat. Thus it is unknown whether or not the teratogenic response observed in this species exemplifies possible outcomes from the exposure of other animal species. In the present study the relationship between exposure to L-NAME and the induction of limb defects, with respect to stage specificity and dose dependency, was investigated in the mouse. In addition, because hypoxia and/or ischemia have been postulated by several authors as a possible mediator of L-NAME teratogenesis (3, 5, 7, 8) , the ability of hyperoxia to prevent L-NAME-induced limb disruption was also investigated.
METHODS

Animals.
Pathogen-free ICR (CD-1) outbred mice were purchased from Harlan Italy (Udine). Animals were housed in suspended polycarbonate cages with stainless-steel tops containing heat-treated hardwood chips. Rodent laboratory food (Harlan Teklad) and tap water were provided ad libitum. The animal room was maintained at 22°C Ϯ 1°C with a relative humidity of 55 Ϯ 5% and a 12 h light/dark cycle, with the light on at 0800 h. Before the initiation of the study, mice were acclimatized to animal room conditions for a minimum of 7 d. Timed matings were obtained by overnight cohabitation of a single male with two to four nulliparous females during the dark cycle. The females were considered to be in gestation d 0 if a copulatory (vaginal) plug was found at the end of cohabitation (0800 h). Inseminated females were separated from the colony and housed singularly. All animal treatments and procedures were approved by the Institutional Review Board of the University "G. d'Annunzio" of Chieti.
Study 1 (L-NAME alone). L-NAME (Research Biochemicals International, Natick, MA, U.S.A.) was dissolved in sterile saline solution and injected s.c. at 50 or 90 mg/kg to pregnant animals on gestation d 12, 13, 14, 15, or 16. Because of the elevated risk of accidental injection into the pregnant uterus (considering that the treatment was carried out during relatively advanced phases of gestation), the compound was injected s.c. instead of i.p. (the most commonly parenteral route of drug administration used in teratology studies). The volume of each injection was 10 mL/kg. The injection procedure was performed under light ethyl ether anesthesia. Doses and timing of administration were selected on the basis of preliminary experiments. A group of animals injected with vehicle on gestation d 14 under light ether anesthesia served as a control group. Pregnancies were terminated on gestation d 18 by an overdose of anesthesia. Maternal and pregnant uterine weights were recorded. The uterine contents were inspected, and the number of implants, resorptions, and viable and dead fetuses recorded. Live fetuses were evaluated for body and placental weights, sex, and external morphology. All the fetuses were then fixed in 95% alcohol and processed for double-staining skeletal examination using the methods of Inouye (12) and Kimmel and Trammel (13) as modified by Kuczuk and Scott (14) . Standardized nomenclature for malformations was obtained from Wise et al. (15) .
Study 2 (L-NAME plus hyperoxia). Because study 1 showed that maximal teratogenic response occurs when pregnant animals are injected with the higher dose of L-NAME on gestation d 14, these experimental conditions were selected to investigate the effect of hyperoxia on L-NAME teratogenicity. Hyperoxic exposure was carried out as reported previously (16, 17) . After L-NAME treatment, cages containing the pregnant animals (n ϭ 21) were housed in a sealed Plexiglas chamber specifically designed for oxygen exposure, and 98 to 100% O 2 (760 mm Hg; normobaric hyperoxia) was supplied to the chamber for 12 h. The chamber air volume was recirculated with a pump. CO 2 was removed from the chamber air with Baralyme and continuously monitored by a capnograph. During the entire period of exposures, mice were allowed free access to food and water. Animals were periodically observed for signs of toxicity. L-NAME-treated mice (n ϭ 14) breathing room air and handled comparably to the hyperoxic animals served as positive controls. Teratologic assessments were carried out as described in study 1.
Statistics. Continuous data were compared by ANOVA and post hoc Student-Newman-Keuls test for multiple comparisons or by t test. Binomial data were compared using the 2 test with Yates's correction. Differences were considered significant when p Ͻ 0.05.
RESULTS
Study 1 (L-NAME alone).
There were no apparent signs of maternal toxicity associated with administration of L-NAME at 50 or 90 mg/kg, and no maternal deaths occurred during the study (not shown). Treated mothers did not weigh significantly less than controls (Table 1) . Several L-NAME-treated animals delivered before the scheduled sacrifice day (Table 1) . This effect was noted in one (12.5%) of the animals treated with 50 mg/kg on gestation d 16, and in one (7%) and six (60%) of the animals treated with 90 mg/kg on gestation d 15 and 16, respectively (Table 1) . In all instances, preterm parturition occurred on gestation d 17 (not shown). In most instances, maternal cannibalism prevented the inspection of pretermdelivered fetuses.
There was a treatment-related increase of embryonic or fetal loss (Table 1) . When L-NAME was administered at 50 mg/kg, a statistically significant reduction of embryonic or fetal viability, in comparison to the control group, was noted among litters exposed on gestation d 15 and 16 (Table 1) . After treatment with L-NAME at 90 mg/kg, a more homogeneous response was seen, resulting this level of exposure in approximately a 7-fold increase of embryo or fetal lethality over the 70 control frequency in all the experimental groups (Table 1) . Statistical analysis did not reveal significant treatment-related effects on fetal and placental weights ( Table 1) .
As major phenotypical stigmata, L-NAME caused limb reduction defects. At external inspection, affected limbs most commonly exhibited digits of reduced size or digits with terminal segments missing (Fig. 1B) . With increasing severity, the entire autopod and more proximal segments of limbs were missing. Subcutaneous hematomas were often seen in the immediate area of defective structures (Fig. 1C) . In some instances, hemorrhagic areas were also observed in the genital tubercle and tail. There were no significant sex-related differences in the occurrence of limb anomalies (not shown). Left and right limbs were equally affected (not shown). No morphologic anomalies were noted in the control group. The skeletal preparations revealed limb defects that were undetected at external examination, and allowed an accurate characterization of limb dysmorphology. A detailed summary of type and frequency of the skeletal limb defects produced by L-NAME exposure is provided in Table 2 . Shortening of phalangeal bones and missing distal phalanges were the most common skeletal findings (Table 2 and Fig. 2C ). Shortening of long bones (sometimes associated with abnormal curvature) was noted less frequently (Table 2 and Fig. 2D ). In sporadic occasions, phalangeal or phalangeal-metacarpal fusion were also recorded (Table 2 and Fig. 2B ). The appearance of autopod ossification centers was also delayed (Fig. 2B) . L-NAMEinduced limb teratogenesis was phase specific. A trend toward dose dependency was also noted. The impact of the level of exposure and time of administration on the prevalence of limb defects in ICR (CD-1) fetuses is shown in Figure 3 . Although two of the fetuses (1.9%) exposed to 90 mg/kg on gestation d 12 had limb defects, a statistically significant level of dysmelia (5.4%) was first seen when the higher dose was administered on gestation d 13. Administration of L-NAME (90 mg/kg) on gestation d 14 yielded the maximum response, with 35.6% of fetuses affected. With advancing gestation, limb sensitivity decreased, and although a maximum of 10% of fetuses exposed on gestation d 15 had limb defects, there were no limb malformations after treatment on gestation d 16. Besides impacting on the frequency of limb defects, the timing of treatment also influenced defect location, with a trend toward a shift from forelimb to hindlimb becoming apparent with progression of gestation (Fig. 3, inset) . Overall, the forelimb was more frequently affected than the hindlimb (Table 2) .
Study 2 (L-NAME plus hyperoxia). Mice subjected to the combined treatment L-NAME plus hyperoxia did not exhibit clinical signs of toxicity. However, one animal died 2 d after hyperoxic exposure. Hyperoxia provided protection from L-NAME-induced limb disruption by significantly (p Ͻ 0.001) reducing the frequency of fetuses with defective limbs caused by L-NAME treatment from 29% to 8% (Fig. 4) . On the other hand, hyperoxia failed to prevent L-NAME-induced embryonic or fetal lethality, as inferred by the fact that comparable levels of postimplantation loss (27.94% versus 23.88% between control and hyperoxia-exposed fetuses, respectively) were noted in the two experimental groups (not shown). Maternal body weight (g 
L-NAME TERATOGENICITY IN THE MOUSE
DISCUSSION
The present study provides for the first time information regarding the teratogenic capacity of L-NAME in the mouse. Inhibitors of NO synthesis are currently under experimental evaluation for the treatment of several conditions associated with an overproduction of NO, including migraine, septic shock, inflammation, and neurodegenerative disorders (2). The need for an accurate characterization of the teratogenic potential of pharmacologic agents inhibiting NO synthesis is thus raised.
Studies with rats pointed out that the in vivo teratogenicity of L-NAME is confined largely to limbs (3) (4) (5) (6) (7) (8) . This was also our evidence in the mouse. In terms of severity, the rat appears to display a greater sensitivity to the teratogenic effects of L-NAME than the mouse. Massive limb disruptions have been commonly observed in the rat (3-8), whereas defects have been in most occasions limited to digits in the present study. Another relevant interspecies difference relates to the topography of the defects, with forelimbs being the preferential site of disruption in the mouse and the opposite in the rat (3-6). However, it must be noted that, as shown by Fantel et al. (5) , the experimental conditions used (parenteral versus oral administration) appear to play an important role in determining the site of limb disruption. Double-staining skeletal technique, a well-suited tool to investigate skeletal morphology, has been systematically applied in the present study (as this was not done in previous investigations) to fully characterize limb dysmorphology. Skeletal preparations revealed that, besides gross limb disruptions associated with hemorrhage, L-NAME can induce subtle dysmorphic features, including phalangealmetacarpal hypoplasia, shortening of long bones of the limb, and fusion of skeletal elements. These findings expand the knowledge about the spectrum of limb anomalies induced by L-NAME.
Mouse limb organogenesis starts around gestation d 9 with the appearance of the forelimb bud, and is completed in most of its processes at about gestation d 15 (18) . Only minor developmental events, including formation of nails (claws) and joint structures, occur during later stages, when phenomena like ossification of skeletal elements and growth of the differentiated limb structures predominate (18) . As expected on the basis of the previous studies carried out in the rat (3-5), we found that the teratogenic sensitivity to L-NAME was restricted to the advanced stages of mouse limb development. Indeed, L-NAME became teratogenically operational on gestation d 13 and elicited its maximum effect (peaking strikingly) on gestation d 14, whereas no significant teratogenicity was observed when exposure occurred after gestation d 15. By using a single treatment day regimen, Fantel et al. (5) showed that rat limb sensitivity to L-NAME first appears on gestation d 16, a gestational time that roughly corresponds to the mouse gestation d 14.5 (18) , and peaks on gestation d 17 and 18. Thus, it would appear that in the mouse the developmental phase of limb susceptibility has an earlier stage of onset than in the rat. After treatment on gestation d 16, a significant number of animals delivered before term. This outcome correlates well with our previous findings (19) , further supporting the concept that NO may play a role in the control of myometrial contractility. Interestingly, L-NAME has never been reported to evoke preterm parturition in the rat (3-6, 20) , possibly reflecting the existence of species-specific differences with respect to the role played by NO in myometrial regulation between the rat and the mouse. Effects of hyperoxia on L-NAME-induced limb defects in the ICR (CD-1) mouse. On gestation d 14, animals (n ϭ 21) were injected s.c. with L-NAME at 90 mg/kg and exposed to 98 to 100% O 2 (760 mm Hg; normobaric hyperoxia) for 12 h. L-NAME-treated mice breathing room air (n ϭ 14) served as positive controls. Teratologic assessments were carried out on gestation d 18. Numbers in parentheses refer to the number of affected fetuses the total number of fetuses examined. *p Ͻ 0.001 by 2 test vs control group.
TIBONI ET AL.
The biologic determinant establishing the window of vulnerability to L-NAME is unknown. It has been postulated that the developmental timing of cationic amino acid transporters, which carry both arginine and L-NAME across the cell membrane, may play a role (7). We found it intriguing that the onset of limb vulnerability to L-NAME (gestation d 13) coincides in the mouse with the stage when developing forelimbs start being supplied with exclusively oxygenated blood (18) . Before that time, when the left subclavian artery originates caudally to the site where the ductus arteriosus enters the descending aorta, and the right subclavian artery originates from the right dorsal aorta (a transient vascular structure), forelimbs receive a mixture of oxygenated and deoxygenated blood (18) . Thus it would seem that when limb oxygen supply and demand increase, then the teratogenicity of the vasoactive agent L-NAME is favored.
There is mounting evidence that NO has important vasodilatory action in the fetal circulation as it does in the adult (21) . Despite the apparent role of both eNOS and iNOS in regulating the fetal circulation (21) , initiation of L-NAME-induced limb disruption seems to be primarily dependent on eNOS inhibition. This idea is supported by the lack of teratogenic effects of selective iNOS inhibitors (4, 6, 21) , and by the evidence that limb defects similar to those induced by L-NAME have been observed in knockout mice lacking eNOS (10, 11) .
A remarkable aspect of our study relates to the fact that a 12-h exposure to hyperoxia (98 to 100% O 2 ) significantly reduced the fetal frequencies of defective limbs caused by L-NAME. This observation, reported by us for the first time, appears to fit the postulation (3, 5, 7, 8) that tissue hypoxia plays a mechanistic role in L-NAME teratogenicity. It may be possible that L-NAME initiates limb defects by perturbing vascular homeostasis, thereby promoting reductions in vasculature perfusion at the utero-placental level or directly in the fetal vasculature, with resultant tissue hypoxia. The protection provided by hyperoxia may be interpreted as a compensatory effect. In keeping with this hypothesis, it is worth remembering that, as shown in studies carried out in sheep and humans, maternal hyperoxia can significantly increase fetal oxygen tension (22, 23) . Coherently with a mechanistic involvement of hypoxia, hemorrhagic limb defects have been produced by subjecting fetal rats to a hypoxic environment (24) and, as pointed out in previous investigations (3) (4) (5) (6) (7) (8) , by exposing fetuses to vasoactive agents capable of uteroplacental perfusion reduction, including epinephrine (25, 26) , cocaine (27) , calcium-channel blockers (28, 29) , phenytoin (30) , and uterine vascular clamping (31, 32) . Limb defects were also produced by multiple brief exposures of cultured rat embryos to hypoxia (33) . On the other hand, maternal hyperoxia has been found to prevent hereditary congenital limb amputations and associated hemorrhages in the rabbit (34) , and to reduce in the mouse the occurrence of craniofacial teratogenicity of phenytoin (35) , an antiepileptic agent whose embryotoxicity has been causally linked to episodes of interrupted oxygen supply and possible generation of reactive oxygen species during reoxygenation (36) .
Recent reports have shown that hyperoxic conditions can result in up-regulation of NOS (37) (38) (39) (40) . This notion raises the possibility that hyperoxia provided protection from L-NAMEinduced teratogenesis by modulating NO synthesis, although evidence for oxygen-mediated NOS up-regulation in embryonic or fetal tissues is (to our knowledge) lacking. Interestingly, when the combined exposure L-NAME-hyperoxia took place beyond the prenatal period, deleterious effects, like increased mortality and pulmonary complications, have been observed (41) . This suggests that hyperoxia may differently impact on the noxious effects of NOS inhibition during prenatal and postnatal life.
Unlike limb dysmorphology, hyperoxia did not impact on L-NAME-induced embryo or fetal lethality. This may suggest that reduced conceptal viability is not specific for hypoxic damage. In agreement with this idea, teratogenicity and embryo or fetal lethality showed significant differences with respect to the phase specificity, with in utero demise being only marginally modulated by the treatment timing.
The teratogenicity of L-NAME has been significantly reduced by coadministration of the radical spin trap antioxidant ␣-phenyl-N-t-butylnitrone, and the xanthine oxidase inhibitor allopurinol (7, 8) . These notions, coupled with several other related findings (7, 8) , recently led to the proposal that excessive generation of radical oxygen species represents the molecular mechanism whereby L-NAME teratogenicity is initiated. In the proposed chain of molecular events leading to free radical imbalance, hypoxia and possibly the subsequent reoxygenation would play a crucial role (8) .
